In cricket, a rain-affected pitch can make batting more difficult than normal. Several other conditions such as poor light or an initially lively pitch, may also result in difficulties for the batsmen. In this note, we refer to all of them as 'sticky wickets'. On sticky wickets, lower order batsmen are often sent into 'hold the fort' until conditions improve. In this paper, a stochastic dynamic programming model is used to examine the appropriateness of this policy. The model suggests that the tactic is often optimal when the sticky wicket persists until the end of the day's play, but not often when the sticky wicket is transitory. In some circumstances, it is worthwhile, on a normal wicket near the end of the day, to send in a lower order batsman to hold the fort (a night watchman): when the wicket is sticky, this tactic is even more worthwhile.
Introduction
In cricket, the difficulty of batting depends to a large extent on the state of the pitch. This can change during the course of the match, particularly if it is affected by rain. A rain-affected or 'sticky' wicket may be very difficult to bat on until it has dried out. It may take several overs to dry out and return to normal batting condition. When his side was faced with a sticky wicket, Sir Don Bradman (Bradman, 1997) would adopt the policy of 'sending in tail-end batsmen to hold the fort until the wicket improved'. While this tactic reduces the exposure of the good batsmen to the poor conditions, it increases the chance they will be left at the end of the innings without a batting partner.
While covered wickets now reduce the frequency of rainaffected pitches, there are still many other situations in today's cricket that produce variable batting conditions. The first session of a test match often produces a lively green wicket that is expected to become less dangerous after the first hour or so. At the start of any day, overcast weather might provide ideal conditions for swing bowling. At any time cloud cover might result in poor light. The opposing team's main strike fast bowler(s) may become less dangerous as tiredness sets in, and ultimately must be replaced by possibly more benign bowlers. In such cases, the use of lower order batsman to protect the recognized batsmen from the more dangerous conditions may be advantageous to the team. In the remainder of this paper, the term 'sticky wicket' is used to refer to any situation where the playing conditions for the batting side are temporarily more difficult than usual.
In this paper, we examine the correctness of the policy of sending in a lower order batsman on a sticky wicket.
The model
We adopt the model formulated in Clarke and Norman (2003) , which is described again here, in slightly adapted form. For simplicity, we assume that decisions are made at the start of each over. Again, for simplicity, we consider two types of batsman. In practice, teams usually contain six or seven recognized batsmen, selected primarily for their batting skills, and four or five lower order batsman (or duffers) generally selected for their bowling and with less reliable batting ability. In the model, recognized batsmen gradually improve their expected performance as they gain experience of the conditions (play themselves in), so their rate of scoring increases and their chance of dismissal decreases in the early part of their innings. In the model, duffers do not improve, and their expected performance depends only on whether or not the pitch is sticky. Each batsman has an assumed rating x which is an indicator of expected performance and may change only at the end of an over, depending on the pitch and the number of overs batted. During the over, a batsman with a rating of x scores r ( x ) runs but may be dismissed (on the last ball of the over) with probability p ( x ). At the start of the next over, his rating is x '. Note that r ( x ) must be even to avoid changes of end during an over. r ( . ) could also be thought of as the expected number of runs, for a distribution of runs that contained only even values.
The numerical data assumed are given in Table 1 . A duffer always has a rating of zero, while a recognized batsman has a rating of 1 initially, rising by one each over (whether he is on strike or not) up to a maximum of 5 as he plays himself in. On a sticky wicket, all dismissal probabilities for a recognized batsman are 50% greater than those for a normal wicket. For a duffer, we consider three scenarios: in the first, the dismissal probability on a sticky wicket is the same as for a normal wicket; in the second, it is 50% greater than on a normal wicket; and in the third, it is double that for a normal wicket.
The r ( . ) and p ( . ) values for a normal wicket imply an expected score for a duffer of 10 and for a recognized batsman of nearly 40. A team of six recognized batsmen and five duffers would generate an average total score during an innings of about 270 runs, a reasonable figure for test and county matches. Note that scores in the second innings are usually lower than those in the first innings, and are also the more likely to be rain affected.
Consider the captain of the side batting on a sticky wicket, at the start of an over, with n overs left until it is expected that the wicket will return to normal. The batsman on strike has a rating of x, and the batsman at the other end has a rating of y. If there is no dismissal, at the start of the next over their respective ratings will be x' and y', and the strike will rotate to the other batsman. If a dismissal occurs, the captain must take a decision regarding the incoming batsman, who will not be on strike next over, whether he should be a recognized batsman or a duffer. This decision depends on a, the number of recognized batsmen not dismissed, and b, the number of duffers not dismissed, in both cases excluding those at the wicket. While various objective functions are possible in cricket (see, eg, Clarke (1988) or Preston and Thomas (2002)), here we maximize the expected number of runs scored.
Let f n ( a , b , x , y ) be the expected number of runs scored in the remaining part of the innings with n overs remaining until the pitch returns to normal, using an optimal policy, that is, one that maximizes the expected runs scored. where
When n = 0, the wicket returns to normal, and we have a supplementary dynamic programming problem concerned with the optimal strategy and maximum expected score for a normal pitch. This dynamic programme is similar to the above formulation, but with no limit on the number of overs left, since we are concerned with test cricket. While the generally optimal strategy to this problem is well known (always send in the recognized batsmen first), here we need the limiting values of the objective function to use as the starting values f 0( a , b , x , y ) for the sticky wicket problem. These can be found by using backward recursion for a large number of overs, often called value iteration (see, eg, Hastings (1973) or Smith (1991)). So, for example, f 0 (4, 5, 1, 1) is the expected score when opening with two recognized batsmen on a normal pitch with four recognized batsmen and five duffers still to come in. The above procedure resulted in a value of 267, in agreement with the 270 calculated earlier by a less exact method. The expected scores are thus in good agreement with typical scores in three-and five-day cricket. In other papers and presentations, this and related models have been accepted as realistic representations of the game from which worthwhile conclusions could be drawn (see, eg, Clarke and Norman (2003)). However, there are two simplifications in the model which need explanation. Only even numbers of runs are scored in each over and wickets can fall only at the end of an over. In the model, the times at which decisions are made are at the 
Results
Since the optimal strategy at each stage (number of overs) depends on three variables ( a , b , and the rating of the other batsman), a three-way table is necessary to show the optimal strategy. However, it turns out that the dependence on the rating of the other batsman falls into one of only seven categories, so that the third dimension can be conveyed symbolically, using seven letters. We use a matrix format to show the policy as a function of a and b for each stage. The entries in the matrices have the following meanings:
• R send in a recognized batsman;
• D send in a duffer;
• S send in a duffer unless the other batsman is a duffer, in which case send in a recognized batsman; • J send in a recognized batsman unless the other batsman has a rating of 3 or more; • A send in a duffer unless the other batsman has a rating of 0 o r 1 ; • B send in a recognized batsman unless the other batsman has a rating of 4 or 5; • C send in a recognized batsman unless the other batsman has a rating of 1, 2 or 3; and • n is the number of overs left until the wicket gets back to normal.
Case 1
We suppose, first, that a sticky wicket does not last until the end of the day's play. It might then be reasonable to suppose that a recognized batsman would not need to play himself in ( a , b , x , y ) take account of the actual ratings of the two batsmen at the end of the sticky wicket period.
In the second scenario, duffers are sent in very rarely and in the third scenario, duffers are not sent in at all. Only in the first scenario is there much chance of duffers being used, but even then, they are not used often, even though in this scenario they perform just as well on a sticky wicket as they do on a normal wicket, while recognized batsmen do worse.
Case 2
We now assume that when play resumes on a normal wicket, recognized batsmen have to play themselves in, as would certainly be the case if a sticky wicket persisted for the rest of the day's play but improved overnight. In this case, the values of a and b in /0( a , b , x , y ) would be either 0 or 1, according to whether the batsmen on strike and at the bowler's end were duffers or recognized batsmen. Tables 2-4 are shown in  Tables 5-7. It is perhaps not surprising that in the first scenario, it is common for a duffer to be sent in-in this case, duffers bat as well on a sticky wicket as they bat on a normal one. However, in the second scenario, when the dismissal probabilities of duffers are raised by the same percentage as those of recognized batsmen, duffers are still frequently used. This is in line with the common practice as used by Bradman, and noted in the introduction. In the third scenario, when duffers handle the sticky wicket much worse than recognized batsmen, it may still be optimal to sacrifice them when the wicket will improve overnight.
Results corresponding to those in
When n = 1, that is, when there is exactly one over left, then invariably a recognized batsman is sent in. He will go to the Number of duffers remaining b 1 2 3 4 5 bowler's end and will not be dismissed. When n = 2, the batsman sent in will be at risk of dismissal in the last over. These features are a consequence of only one dismissal being possible in an over and only an even number of runs being scored in an over.
Discussion
Tail-end batsmen are often sent in, not only to hold the fort on a sticky wicket, but to hold the fort towards the end of a day's play, to save a recognized batsman from having to play himself in twice, that is, to act as a night watchman. The two policies, for the night watchman situation, and for a sticky wicket that lasts until the end of the day's play but not until the next morning, may be compared, using the scoring rates and dismissal probabilities of scenario 2. The optimal policies are shown in Tables 8 and 9 . In both cases, recognized batsmen have to play themselves in when play resumes at n = 0.
Nowadays, it is common practice to send in a night watchman towards the end of a day, but maybe less common to send in a lower order batsman to hold the fort on a sticky wicket, a policy which Tables 3, 8 and 9 support. It does seem that much depends on whether a sticky wicket is expected to last until the end of the day's play. If so, then the use of duffers to hold the fort is very often optimal, but otherwise not. Table 7 Optimal strategy with n sticky wicket overs left for scenario 3, (p(0) doubled, others raised 50%)
Some were unkind enough to suggest that my purpose was to avoid batting on a wet wicket. Of course it was, but only because such avoidance was in the interests of the team.
Cricket pitches behave in a variety of ways after rain. The man never lived whose judgement was infallible. Not the least difficulty is to decide how long a wicket will remain bad. Under Australian conditions sufficient rain on a hard wicket, followed by a hot sun, will generally produce a glue pot. Some are worse than others. But will it remain sticky for an hour or a day? One cannot tell.
In 1936-1937 against Allen's team, we worked like beavers to try and get quick wickets. Then I found out the pitch was drying more slowly than anticipated and I had to tell my bowlers not to get England out'
We do not expect that modern captains would be brave enough to instruct their team not to try to dismiss the opposition. Bradman hints at the criticism captains can invite by following strategies which could be misconstrued by less informed observers. The benefits of a strategy that is optimal in the long run may be outweighed by the criticism bound to follow when it does not succeed in the short term. While Bradman was happy to open the innings with his number 10 and 11 batsman, most observers would probably see this as a sign of weakness by the regular openers. Clearly strong evidence would be needed to convince captains this might be a reasonable tactic in some circumstances.
While there are several improvements that could be made to our model, it is a first step in investigating the merits of alternative batting orders. Allowing dismissals off any ball, and incorporating a distribution of runs to allow for a change of ends for batsmen during overs, would make the model more realistic, but probably intractable. While these models may be difficult to solve for optimality, a more realistic simulation model could be used to investigate fixed strategies. A simulation model might also carry more weight with cricket players and administrators, and might even be used as a learning tool.
Cricketers appear reluctant to alter their set batting order despite the fact that batting conditions could be widely different depending on the earlier partnership as and playing conditions. With an early dismissal, a number 3 batsman could be facing a fired up fast bowler under cloudy skies conducive to swing bowling. Following a good opening partnership, he could be striding to the crease in the middle of a warm afternoon facing a dispirited and tired spin attack. The same batting order may not necessarily be optimal in both cases and cricketers should at least consider a dynamic batting order, which changes subject to circumstances. This paper demonstrates that some benefit may be gained by modifying the batting order near the end of the day and/or when batting conditions are temporarily different.
